The discovery in 1966 that injection of fluid underground at high pressure was responsible for the triggering of earthquakes near Denver, Colorado, led to speculations that earthquakes might be controllable (1). Reduction of the frictional strength of the highly stressed basement rock by injection of the fluid is the favored explanation for the mechanism by which the earthquakes were triggered (2). The pressurized fluid enters a fracture and supports a part of the normal stress equivalent to the pressure of the fluid. As the fluid has no shear strength, the effective normal stress and the frictional resistance to sliding are lowered. If the fracture is subject to shear stress greater than the product of this effective normal stress and the coefficient of friction, the rocks will slip and generate an earthquake. This hypothesis was not uniformly accepted by earth scientists, and although supported by the available data the hypothesis could not be established conclusively at Denver.
locations and focal plane solutions for the earthquakes, and most important (iv) to be confident that the active phase of the experiment would not materially increase the likelihood of a damaging earthquake. In 1967 we were advised by W. W. Rubey that the Rangely Oil Field might meet our requirements. An array of seismographs at Vernal, Utah, had been recording small earthquakes from the vicinity of Rangely since its installation in 1962 (3). The field had been on waterflood-the injection of water at high pressure for secondary recovery of oil-since 1957. In the fall of 1967, we installed a portable array of seismographs and recorded 40 small earthquakes in a 10-day period at the Rangely field (4). The earthquakes occurred within the oil field in two areas where fluid pressures due to waterflooding were high. In 1968, the leaseholders and the operator, Chevron Oil Company, agreed to permit us to conduct an experiment to control the seismic activity in a part of the field. The experiment began in September 1969 with the full cooperation of Chevron and was supported by the Advanced Research Projects Agency of the Department of Defense, who were interested because the Army's well at Denver had triggered the earthquakes there.
The experiment was planned as follows. After a year of recording of seismic activity from a local network of seismographs, the fluid pressure in the vicinity of the earthquakes would be reduced by backflowing water from injection wells. If the fluid pressure reduction resulted in reduced seismic activity, the pressure would be raised again by injection and the cycle repeated. Concurrent measurements of reservoir pressure in nearby wells would be used to establish the reservoir performance and make predictions of the spatial distribution of pressure with the cycles of injection and withdrawal. By measuring the stresses in situ and the frictional properties of the reservoir rock, a test of the effective stress hypothesis could be made by comparing the observations with the predicted fluid pressure for triggering of earthquakes.
The Rangely structure consists of a doubly plunging anticline in Mesozoic and Paleozoic sedimentary rocks (Table 1 There is little evidence of faulting in the Rangely area. At the western end of the field, drainage patterns are aligned along a structure trending 300 east of north (N 300 E) that produced 500 m of apparent displacement in rocks 5 km north of the oil field. There is no evidence of displacements on this fault where its projection to the south intersects the rocks along the south flank of the fold. In the subsurface, the depths to the top of the Weber sandstone within the field permit continuous structural contours to be drawn, except in one area, where a fault is required (Fig. la) . Along an east-northeast trend through the center of the field, variations in depth to the Weber could be accounted for by a fault with an apparent vertical displacement of 10 to 15 m. The steeper dips on the southern flank of the fold make it difficult to trace the fault off to the southwest. Although there is no subsurface evidence from the steeper southwest flank of the fold, the fault is dashed to the southwest on the contour map (Fig. la) because of the presence of fractures and calcite veins having an east-northeast trend in the Mancos shale in this area (5). Less than 1 km south of the oil field boundary, however, no displacement in dipping units of the outcropping Mesaverde formation can be detected along the projected trace of the fault. Either the fault was inactive after deposition of the Mancos, or the displacement within the weak Mancos shale was distributed over a broad zone. In any case, the fault, which is the principal seismically active structure at Rangely, is quite a modest one; it would have gone undetected if it were not within an oil field.
The Weber sandstone is a dense, finegrained sandstone with an average porosity of 12 percent and an average permeability of 1 millidarcy in the oil-producing zone. Consequently, despite the large estimated reserves, the reservoir pressure and production rate declined rapidly following development of the field in 1945. In 1957, the field was divided into units to fa-cilitate waterflooding to increase the productivity. After this, wells on the periphery of the field were converted to water injection. By 1962, pressure surveys (6) showed that in local areas injection had raised the reservoir fluid pressures above 170 bars, the virgin reservoir pressure. By 1967, when earthquakes were first accurately located in the field, bottom-hole pressures as high as 290 bars were recorded.
Seismicity
Before the installation of the Uinta Basin Seismic Observatory at Vernal, Utah, there were no instrumental records of earthquakes at Rangely. We were given one secondhand report of felt earthquakes in the area from the period before fluid injection, but we have not attempted to verify the report. Continuous recording from the U.S. Geological Survey network, which permitted the first accurate location of earthquakes, began in October 1969, 12 years after waterflooding was begun. Thus, we are unable to establish any correlation between the initiation of waterflooding and the onset of seismic activity at Rangely. Nevertheless, a correlation between seismicity and high pore pressure was established as soon as a clear pattern of earthquake activity emerged from analysis of the data from the microearthquake network (Fig. Ib) Because the zone in which we were able to control the fluid pressure in this experiment is not large, the location of the earthquakes is critically important for establishing the relationship between fluid pressure and seismicity. Procedures have been developed to determine the parameters of a flat-layered velocity model from a set of earthquake data in a dense network of seismograph stations. If horizontal velocity gradients exist, systematic errors will be present in the earthquake locations calculated from a flat-layered model. It turned out that a systematic bias does exist in the standard locations, which moves earthquakes toward the north.
To determine the parameters of a flatlayered model that would fit the data, we used a linear velocity function approximated for computation by 0.5-km-thick layers. The parameters of this model were varied to minimize the residuals--differences between the measured and calculated compressional wave arrival times-in a set of 100 earthquakes, and a station correction was determined for each station that would compensate for variations in nearsurface structure.
Two people independently picked the arrival times for the set of earthquakes, and two independent locations were determined by using the Hypolayr routine (7). The histogram of the horizontal distances between these pairs of locations ( The location of some important earthquakes is about 500 m north of the injection wells where the fluid pressure was varied. These earthquakes, when located without corrections for lateral velocity variation, actually lie in a zone where the fluid pressure remained low during the experiment. Using the calibration shot data and qualitative judgments about the probable lateral variations in velocity, we could apply a set of reasonable corrections to the travel times that would move these earthquakes to the south into the zone of high fluid pressure. However, we chose to present the earthquakes as located by a velocity structure with isotropic, flat layers, uncorrected for the error in location of the calibration explosions. Therefore, the epicenters appear to occur a few hundred meters north of their actual location (Fig. 6 ).
Several methods of estimating magnitude were tested, and a method based on the duration of the seismic signal was found to be the most systematic and reliable. The duration of the signal was independent of the distance of the quake from The earthquakes tended to cluster in time and space as swarms of events of similar magnitudes, followed in some cases by larger-magnitude earthquakes with aftershock sequences. The epicenters of the earthquakes are distributed into two dense clusters in space, with one lying in the immediate vicinity of the experimental wells and the other to the southwest (Fig. lb) . The southwest cluster of hypocenters have focal depths averaging 3.5 km, whereas those beneath the injection wells have depths of about 2.0 to 2.5 km within the injected horizon. The earthquakes lie along a vertical zone trending nearly parallel to the mapped subsurface fault. There are also a few events located in the northwest end of the field (Fig. lb) .
Taken altogether, the cumulative frequency relative to magnitude of the Rangely earthquakes fits the equation log N = a + bM. If the two clusters of earthquakes are treated independently, the value of b for the deeper, southwesterly cluster is 0.81; that for the northeasterly cluster is 0.96.
Focal plane solutions derived from the radiation pattern of compressional wave arrivals have been generated for a large number of individual earthquakes. The distribution of the azimuths of the nearly vertical nodal planes is bimodal, with one peak parallel to the trend of epicenters shown in Fig. 3 . The nodal planes parallel to the epicentral trend and the subsurface fault correspond to fault planes with a right-lateral sense of shear, having a slip direction plunging 10? to 20? to the southwest (Fig. 3) . The fault can therefore be considered to be a right-lateral, approximately strike-slip fault. The variations in the orientations of the nodal planes may represent real differences in the orientations of rupture surfaces rather than errors due to inaccuracies in the locations of the earthquakes. The width of the epicentral zone is more than I km, or three times. the error in the relative locations of the epicenters. It appears that the fault is not a single, large fracture surface, but a broad zone composed of subparallel fractures.
Effective Stresses
To test the hypothesis that increased fluid pressure triggered the earthquakes at Rangely by reducing the effective normal stresses on the fault surfaces, we attempted to measure the absolute stresses and ,the orientation of the fault planes and slip directions. Hydraulic fracturing of rock tn boreholes affords a method to measure the in situ state of stress. The theory relating hydraulic fracturing pressure to the stress in rocks is well understood (9), and field and laboratory experiments confirm that the technique works well under certain conditions. A hydraulic fracture experiment at a depth of 2 km in the Weber sandstone at Rangely was carried out by Haimson (10). He had shown from records of previous hydraulic fracturing operations in the oil field that the least principal compressive stress was constant over large sections of the reservoir. 
Reservoir Fluid Pressures
Periodically a bottom-hole pressure survey is made throughout the Rangely field in an attempt to map the pressure distribu- Three phases-oil, gas, and water-have existed in the oil field. A gas cap that was present in the area of interest was removed in the first stages of production. Because we were only interested in calculating reservoir pressures, we simulated the reservoir by a single-phase model, but used a variable compressibility in an effort to compensate for the effects of the variations in the oil/water ratio. The producible fluid now in the area of earthquake activity is water.
The bottom-hole pressure measurements fit the adjusted model rather well. In particular, the observed pressure history (Fig. 4) in well Fee 69 (Fig. 5) fits the calculated history closely.
Reservoir pressures were continuously monitored at the surface in five shut-in wells near the zone of earthquake activity; these observation wells are indicated in Fig. 5 . Pressure transducers were installed at the wellheads and data were transmitted to a central recorder at well Emerald 45, which is located 400 m west of the experimental wells. These data were supplemented with the monthly bottom-hole pressures taken in the same wells (Fig. 5) .
Two of the instrumented wells, UPRR 29-32 and UPRR 67-32, are close to the fault zone to the northeast. These wells are less than 800 m from the zone of earthquake activity, and neither well shows a marked change in reservoir pressure that can be correlated with pressures in the active area (Fig. 5) . This suggests that the fault to the northeast of the active area is not a zone of unusually high permeability along which pressure changes are rapidly transmitted. The transmissibility (effective permeability) of this general part of the reservoir is approximately 15,000 to 30,000 millidarcy-centimeters. Using the reservoir model, we experimented with anisotropic permeability along the fault zone, making the fault zone two, three, and five times more permeable parallel to the fault. The Extraction of oil (and injected water) just to the north of the experimental wells served to maintain fluid pressures over most of the fault zone well below the critical value for triggering earthquakes. Therefore, the length of the fault zone liable to shear failure was so limited that earthquakes of damaging size were virtually precluded. It is this safety feature that leads us to believe that earthquakes triggered inadvertently by raising subsurface fluid pressures in otherwise seismically inactive areas can be controlled. By making use of the strengthening effect of a reduction of fluid pressure in a major fault zone, we may ultimately be able to control the timing and the size of major earthquakes.
Limiting the magnitudes of earthquakes. Although fluid injection for secondary recovery of oil or brine disposal has not, to our knowledge, triggered damaging earthquakes, the procedure is becoming extremely widespread, involving, in a few cases, injection near large active faults. Moreover, filling of several large reservoirs has been accompanied by severe earthquakes (18), probably through leakage of the impounded water into faults. In either case, with knowledge of the location of the fault on which the seismic activity is induced, drilling and pumping of pore fluid 26 MARCH 1976 from the fault zone could serve to reduce the hazard.
The Rangely experiment has brought the possibility for control of naturally occurring earthquakes into sharp focus. We now know that faults, at least in the shallow crust, obey a simple failure law in which fluid pressure plays a clearly understood role. The fault can be. strengthened locally by reducing the internal fluid pressure, thereby creating a barrier to the propagation of a rupture. Provided the barriers so created are spaced at distances of one to a few kilometers apart, the fractures can be limited to lengths appropriate for earthquakes of less than damaging size. 
Summary
An experiment in an oil field at Rangely, Colorado, has demonstrated the feasibility of earthquake control. Variations in seismicity were produced by controlled variations in the fluid pressure in a seismically active zone. Precise earthquake locations revealed that the earthquakes clustered about a fault trending through a zone of high pore pressure produced by secondary recovery operations. Laboratory measurements of the frictional properties of the reservoir rocks and an in situ stress measurement made near the earthquake zone were used to predict the fluid pressure required to trigger earthquakes on preexisting fractures. Fluid pressure was controlled by alternately injecting and recovering water from wells that penetrated the seismic zone. Fluid pressure was monitored in observation wells, and a computer model of the reservoir was used to infer the fluid pressure distributions in the vicinity of the injection wells. The results of this experiment confirm the predicted effect of fluid pressure on earthquake activity and indicate that earthquakes can be controlled wherever we can control the fluid pressure in a fault zone.
